Aim of Study: The report of the task group number 43(TG-43) of AAPM has been known as the most common method to obtain the dose distribution around brachytherapy sources. The error caused by independent obtaining and rounding and combinational error caused by algebraic operations of each TG-43 dosimetry parameters increase the total error in the calculation of the dose distribution around the brachytherapy sources. The aim of the present study is to present and evaluate a matrix-based approach for simplifying and reducing calculation errors.
INTRODUCTION
Brachytherapy is a treatment technique in which one or a number of radioactive sources are used for irradiation of malignant tumors in the vicinity of a tumor. By using this method, tumor can be irradiated with a large dose using high dose gradient. In the past, 226 Ra source was used for this purpose, but nowadays the use of sources such as 103 Pd, 125 I, and 192 Ir is growing. This technique plays an important role in cancer treatment in different areas of the body including brain, head and neck, prostate, cervix, etc. [1] Nowadays, brachytherapy sources are widely used for the treatment of malignancies. Providing an accurate method to obtain dose distribution around these sources is of great importance. The report of the task group number 43 (TG-43) of the American Association of Physicists in Medicine has been known as the most common formalism to obtain the dose distribution around brachytherapy sources, and the method proposed in this report is used in many treatment planning systems. According to this report, dose distribution around brachytherapy sources is calculated using different dosimetric factors, which are obtained through measurement or simulation using Monte Carlo codes in a homogeneous phantom. [1, 2] In different studies, these parameters have been reported for various sources through both experimental measurements and simulations. Furthermore, in several published articles, some cases have been expressed as defects of this report. [3] [4] [5] [6] [7] [8] Some of these defects include not considering different tissue heterogeneities, disregarding the effect of phantom dimension on dosimetric parameters. Furthermore, the impact of voxel size and capsule material on dosimetric parameters were studied in several research studies. [3] [4] [5] [6] [7] [8] In a point/counterpoint article, the necessity of TG-43 factorization in the calculation of brachytherapy dose distribution is debated. [9] This article suggested that TG-43 method can be replaced with dose rate tables; however, it also indicates the advantages of TG-43 formalism versus dose rate table method. Actually, dose rate tables are produced from multiplying TG-43 parameters such as dose rate constant, geometry factor, anisotropy function, and radial dose function. Eventually, a normalized dose rate table with the dose rate constant can be better and simpler from TG-43 protocol in dose calculation for common brachytherapy sources. Although that article has discussed advantages and disadvantages of TG-43 dose calculation formalism versus direct calculation of dose rate table, it lacks a quantitative comparison of the results of these two methods.
Additional to the mentioned defects in the report of the TG-43, the uncertainty of independent obtaining and rounding, and the combined uncertainty of algebraic operations of dosimetric parameters increase the total uncertainty in the calculation of dose distribution around brachytherapy sources. The aim of this study is to present and evaluate a matrix-based method to calculate dose distribution for photon-emitting brachytherapy sources. It is aimed to present a simpler method with less uncertainty for calculation of dose distribution. In this method, the dose distribution is directly calculated through Monte Carlo simulations, and it avoids the discrepancies related to independent obtaining and rounding of dosimetric parameters and combination of uncertainties.
MATERIALS AND METHODS
Two-dimensional dose distribution around four brachytherapy sources ( 60 Co, 137 Cs, 192 Ir, and 103 Pd) was obtained through two methods. The use of simulation of the sources and direct obtaining the dose distribution was considered as the first method and obtaining the dose distribution using TG-43 protocol was the second method. The first method was presented as the proposed method of this study. Finally, validation and evaluation of the matrix-based method were conducted through comparing the results of dose distributions from the two methods.
Geometry of sources
In this study, four brachytherapy sources were simulated: 60 Co BEBIG (model Co0.A86), 137 Cs (model 67-6520) Isotope Product Laboratories (IPL, Valencia, CA), 192 Ir (model BEBIG), and 103 Pd (model OptiSeed). The simulations were performed using MCNPX (version 2.4.0) Monte Carlo code (Los Alamos National Laboratory, Los Alamos, New Mexico, United States). The geometry of these sources is shown in Figure 1 .
The model of the 60 Co source studied in this study is Co0.A86. As it can be seen from Figure 1a , this source is formed from a central cylindrical shape core containing 60 Co with a length of 3.5 mm and a diameter of 0.5 mm. The central core is located inside a cylindrical capsule with inner diameter of 0.7 mm and outer diameter of 1 mm. The length of the cable of this source is 5 mm. [10] A 137 Cs source, model 67-6520, was evaluated. As it is shown in Figure 1b , the active core of this source is a cylinder with length of 14.8 mm and diameter of 1.52 mm. The core of this source contains radioactive cesium oxide. The density of this material is 1.47 g/cm 3 . This core is located inside a stainless steel capsule with density of 7.9 g/cm 3 . [11] Based on Figure 1c , the 192 Ir source (model BEBIG) contains a central radioactive core with length of 3.5 mm and diameter of 0.6 mm containing 192 Ir. This part is located inside a stainless steel capsule with density of 7.8 g/cm 3 with diameter of 1 mm and length of 5 mm. The cable of this source is made of stainless steel with length of 6 mm and diameter of 1 mm. [12] The 103 Pd source (model OptiSeed) is shown in Figure 1d . This source has two active cores with length of 0.7 mm and diameter of 0.4 mm. A goldmarker with length of 2 mm and diameter of 0.4 mm is located in the central part. [3] 
Validation of source simulations
The validation of simulation of the sources was performed in a previous study in this field. [13] In that study, TG-43 parameters of the sources were calculated and were compared with other corresponding studies. The parameters included dose rate constant, radial dose function, and anisotropy function for the 60 Co, 137 Cs, 192 Ir, and 103 Pd sources. The results of comparisons showed good agreement with the other studies. For example, dose rate constant differences for the 60 Co, 137 Cs, 192 Ir, and 103 Pd sources were 3.04%, 3.39%, 0.53%, and 0.68%, respectively. Based on the agreement between the results of that study and the other studies, the TG-43 dosimetric parameter calculation for the 60 Co (Co0.A86), 137 Cs (67-65200), 192 Ir (BEBIG), and 103 Pd (OptiSeed) sources were validated.
Moreover, to obtain two-dimensional dose distribution with TG43 method, the dosimetric parameters obtained in that study were used in the present study. These parameters include air kerma strength, dose rate constant, radial dose function, and anisotropy function.
Dose distribution by matrix-based method
The energy spectrum for 60 Co source had the energies of 1.33 and 1.17 MeV with probability of 50% for each of them. The energy spectra of 137 Cs, 192 Ir, and 103 Pd sources are listed in Table 1 .
To calculate the dose distribution around the sources, each source was defined at the center of a spherical water phantom with radius of 200 cm. Voxels with dimensions of 1 mm × 1 mm × 1 mm on Y-Z plane in the range of −14 cm to 14 cm in the direction of Z-axis and in the range of 0 cm to 14 cm in the direction of Y-axis were selected for the 60 Co, 137 Cs, and 192 Ir sources. Voxel of the same size on Y-Z plane in the range of 0 cm to 5 cm in the direction of Y and Z axes was considered for the 103 Pd source. With this regard, the Z axis is located on the longitudinal axis of the source. In these programs, the type 1 mesh tally with "pedep" option was used. Energy cutoff for photons and electrons was 10 keV for the 60 Co and 137 Cs sources. This value was considered as 5 and 1 keV for the 192 Ir and 103 Pd sources, respectively. The number of tracked particles in all programs was 10 9 histories. The mesh tally was used in this scoring and tracking more histories could result in a long time for the simulation. The maximum statistical uncertainty in Monte Carlo calculations obtained for the 60 Co, 137 Cs, 192 Ir, and 103 Pd sources was 2.3%, 2.1%, 2.4% and 5.4%, respectively. This statistical uncertainties are relatively low; however, they could have minor effect on dose distribution results. The output files obtained from running these programs were transferred into Microsoft Excel software and then were converted to matrixes with 281 × 281 voxels using MATLAB software for processing the data for the 60 Co, 137 Cs, and 192 Ir sources. In the case of the 103 Pd source, the data were converted into a matrix with dimensions of 101 × 101 voxels using MATLAB software. To compare the two-dimensional dose distribution obtained by two methods (matrix based and TG-43) for the 60 Co, 137 Cs, 192 Ir, and 103 Pd sources, the required rows and columns of these matrixes were extracted. In this section, according to the data obtained from the output file from the tally calculations, the average energy deposited per unit volume in each mesh cell is regarding MeV/cm 3 per photon and it must be converted to absorbed dose rate in each mesh cell regarding cGy/(h.U). Therefore, to obtain the absorbed dose rate, the amount of photon yield and activity per air kerma strength was introduced for each source. For the 60 Co, 137 Cs, 192 Ir, and 103 Pd sources, the photon yield was 2.00, 0.929, 2.214, and 0.859 (photons/dis), respectively. The amount of activity per unit air kerma strength was
(Bq / U) 3.029×10 ,
,
and
for these sources, respectively. However, it should be noticed that the activity of sources has no application according to TG-43 report and the strength of a source is described on the basis of air kerma strength. In the above conversions, the sources' activities were only used for conversion of the units, and these conversion factors were obtained by having relation between the output programs of air kerma strength and dose rate.
Dose distribution by task group number 43 method
For comparison of dose rate obtained by the two mentioned methods, certain points in Cartesian space, in which the dose rates were obtained through matrix-based method were selected. To obtain the dose rate values in the Cartesian space with TG-43 method, it was required to convert the data in the polar space (r, θ) to the data in the Cartesian space. There were a large number of specific points in the Cartesian space which had no corresponding TG-43 parameters. To calculate the dose rate for these points, the neighborhood points of these points in which the TG-43 parameters were specified, were used. To calculate the dose rate at these points, from the TG-43 parameters at the neighborhood points, adequate interpolations were performed. For obtaining the dose rate at the desired points from the corresponding TG-43 parameters and for interpolation of the TG-43 dosimetric parameters MATLAB software was used.
To estimate the dose, at the desired points for comparison of dose distributions from TG-43 formalism, using the calculated dose by TG-43 formalism in the neighborhood points, three different modes were possible:
• TG-43 guideline parameters at the desired point of comparison have been obtained through simulation, that in this case, the use of the neighborhood points is not needed and the parameters relating to this point were used to obtain the dose • The desired point of comparison is located on the line connecting two points where TG-43 parameters have been obtained. In this case, to estimate the dose of desired point, TG-43 parameters of these points were interpolated by these parameters for these two mentioned points. Interpolations were performed based on the amount of TG-43 parameters for two mentioned points, and the distance of these points from the desired point of comparison. In other words, TG-43 parameters for these points were calculated by linear interpolation • The desired point of comparison is in an area between four points, in which TG-43 parameters have been obtained. In this case, to estimate the dose of desired point, TG-43 parameters of this point was interpolated by TG-43 parameters from the four mentioned points. Like the previous case, interpolations were performed based on the values of TG-43 parameters at the four mentioned points and the distance of each point from the desired point of comparison. Actually, for these points, bilinear interpolation was applied. Bilinear interpolation is a nonlinear interpolation that consists of two linear interpolations. In this case, one linear interpolation was regarding radial distance, and the other was regarding polar angle. Deviation of dose from linearity in polar and radial directions can add dosimetric error of this interpolation and on the other hand, since this method results in weighted averages it can decrease the fluctuations in the dose data.
RESULTS
In this section, the results of two-dimensional dose distribution obtained from matrix-based method and dose distribution obtained from TG-43 method are presented. In addition, the percentage differences between these two methods are provided for the 60 Co, 137 Cs, 192 Ir, and 103 Pdsources.
The results of dose distribution obtained from matrix-based and TG-43 methods for 60 Co source are presented in Tables 2 and 3 , respectively.
The results of dose distribution obtained from matrix-based and TG-43 methods for 137 Cs source are presented in Tables 4 and 5 , respectively.
The results of dose distribution obtained from matrix-based and TG-43 methods for 192 Ir source are presented in Tables 6 and 7 , respectively.
The results of dose distribution obtained from matrix-based and TG-43 methods for 103 Pd source are presented in Tables 8 and 9 , respectively.
DISCUSSION
In this study, 60 Co, 137 Cs, 192 Ir, and 103 Pd brachytherapy sources were simulated and dose distribution around these sources was calculated using matrix-based method. To evaluate the methodology presented in this study, a comparison was performed between the results of dose distribution obtained from the matrix-based method, and the results of dose distribution obtained from TG-43 method. In comparison of the dose distribution obtained from the matrix-based approach and TG-43 method in this study, the maximum percentage difference between the values obtained from these two methods for the 60 Co source was 8.55%. The average of absolute of percentage difference between these methods for this source was 1.40%.
The comparison of the dose distribution obtained for the 137 Cs source in the study using the matrix-based approach and TG-43 method is performed. The maximum percentage difference was obtained as 10.18%, and the average of absolute of difference percentage was obtained equal to 3.52%. For this source, relatively large differences between the two methods were also observed in some points, especially for those points that are farthest from the source. It seems that these differences are due to the related uncertainties in the calculation of TG-43 parameters and their combined uncertainties.
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Calculation of three-dimensional dose distribution around brachytherapy sources may be possible by extension of two-dimensional dose distribution from the matrix-based method. For this purpose, rotation of the data around the source's longitudinal axis may be useful. In general, it can be mentioned that the current matrix-based method does not eliminate the defects (such as ignoring inhomogeneities, etc.) which are related to the TG-43 formalism. To account for such situations, some modifications on the matrix-based method are essential. As examples of such modifications, multiplication by appropriate attenuation factors, superimposition, etc., can be mentioned and these would be as participants for the future studies on this method.
CONCLUSION
According to the results obtained from these two methods, it can be concluded that the matrix-based method can be used to obtain dose distribution around various photon-emitting brachytherapy sources without performing complex calculations and through an easier way. However, TG-43 method can be used for accurate assessment of a brachytherapy source comparing with other sources regarding differences between sources' strength, radial variation of dose in the transverse plane and anisotropy of dose distributions around the sources. Therefore, due to the ease of calculations in the matrix-based method a well as due to eliminating the possible uncertainties related to independent calculation of each of the TG-43 parameters and their combined uncertainties, it is proposed that two-dimensional dose distributions from the matrix-based method be introduced into brachytherapy treatment planning systems.
The results of comparison of matrix-based method and TG-43 method for calculating two-dimensional dose distribution around the brachytherapy sources in this study showed that the dose distributions obtained from these two methods have good agreement with each other in most of data points. However, minor differences were also observed between the two methods in some points, especially for points that are further from the source. According to Table 10 , mean differences for the 60 Co, 137 Cs, 192 Ir, and 103 Pd sources are 1.4%, 3.52%, 2.67%, and 2.42%, respectively. It seems that this difference is due to uncertainty in calculation of each of TG-43 parameters and their combinational uncertainties.
The dose distribution in the matrix-based approach compared to the TG-43 method is calculated with more ease and less time. However, the advantage of the TG-43 method is that it is more useful for comparing brachytherapy sources because this method shows source's strength, radial variation of dose in the transverse plane, and anisotropy of source more precise than the matrix-based method.
Finally, considering that in calculations of treatment planning systems, comparison of brachytherapy sources is not essential and also considering the more uncertainty in the calculation of dose distribution by TG-43 method, it is recommended that dose distribution obtained from matrix-based method be used as input for treatment planning systems. Extension of the matrix-based method can be a subject for further studies in this field.
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